Abstract -Economic growth is associated with a rapid rise in the use of natural resources, and has poten-
Introduction
The supply and demand situation for resources continues to change rapidly owing to factors including the economic development of emerging nations and tech-been noted that demand for resources will change and increase along with measures such as the deployment of low-carbon technologies by industrialized nations [2] . Furthermore, growth in resource use has been accompanied by deterioration of the global environment and the need for sustainable management of resources has become urgent. In discussions by the UNEP (United Nations Environment Programme) International Resource Panel, the importance of sustainable metal management and recycling required for this purpose [3] . In addition, discussions regarding the Circular Economy Strategy [4] have become active in Europe, with closing the loop of material cycles and economic stimulation accompanying resource renewal attracting attention.
In this study, we used nickel (Ni) as an example of a material whose demand is rapidly growing with global economic development [5] to examine the bottlenecks to closing the loop for the material cycle of nickel. Materials that contain nickel are becoming increasingly useful from the standpoint of physical and other properties; however, the demand for nickel has grown rapidly as with other metal resources, and there have been reports of global environmental problems accompanying its extraction and refining [6] . In addition to past reports of impacts including loss of animal and plant habitat accompanying extraction and refining [7] and on biodiversity [8] , there have been case reports from nickel ore-and ferronickel/nickel metal-producing countries of encroachment on nature protection zones [9] ; inappropriate environmental management at production facilities accompanied by heavy metal pollution [10, 11] ; and emissions including sulfur oxides and mining waste [12] . In addition, estimates have been reported of the large amounts of (1) energy involved and (2) greenhouse gases emitted in accompaniment with reduction and other processes in producing substances such as ferronickel [13, 14] . Reck and Graedel [15] have noted that in the anthropogenic cycle for nickel, about 48% of the nickel extracted worldwide is lost during the life cycle for nickel. Thus, avoiding the loss of nickel in its anthropogenic cycle and closing the loop for the material cycle of nickel would be expected to reduce the consumption of natural resources and contribute to the reduction of environmental impacts.
In this study, we discuss issues for the material cycle of nickel in Japan, which is home to a steel industry where nickel is mainly used to produce stainless steel, as well as world leading nickel-refining and ferronickelrefining industries. In Japan, conventional nickel-refining and ferronickel-refining have been optimized for economical and efficient extraction of desired elements from large amount of raw materials originated from primary resources under constant grade, and elements not contained in natural resources have not been sufficiently controlled. Hence, upon assessing the generation and processing of nickel-containing wastes, we clarify the quality of nickelcontaining waste, as well as the technical bottlenecks for closing the loop on the material cycle of nickel. Sound material cycle of nickel-containing steel scrap has been established in Japan; with reports of almost of nickel-based stainless scrap being recycled [16] . Therefore, this study addressed nickel-containing waste that are of particular concern for losses, such as pre-consumer materials with low-grade nickel content.
Method and data
A survey of manufacturing industries was conducted for Japanese fiscal year 2014, and the generation of pre-consumer materials with low concentration of nickel, amount of material processed offsite (waste management or sales), and processing methods including recycling were investigated. The fiscal year in Japan begins on April 1st. So fiscal year 2014 begun on 1 April 2014 and ended on 31 March 2015. Here, waste management is defined as processing that accompanies the payment of processing fees to the waste management industry. For generated materials containing nickel (or assumed to contain nickel), the following types of materials were investigated: (1) materials containing less than 5 wet% nickel (nickel content of total material including water) and (2) materials that could not be recycled regardless of the nickel content. Manufacturing industries surveyed included the stainless steel production industry, diamond tool and other electrodepositing tool production industries, and the edible oils and fats production industry. In addition, other cooperating industries were separately surveyed. The generated amount of waste, including nickel plating sludge, was examined in a study conducted in fiscal year 2004 by the Ministry of Economy, Trade, and Industry, which showed that 1200 tons of nickel were generated and that this waste was almost totally landfilled [17] . Given that a study by the authors and others in fiscal year 2013 also reported similar trends [18] , these wastes were not included in the present survey. The production industries surveyed in our investigation were not included in the fiscal year 2004 study [17] .
Investigation of the stainless steel production industry assumed the generation of acid washed sludge and other wastes. We obtained the cooperation of the Japan Stainless Steel Association in investigating the 7 main stainless steel production companies of Japan. The Japan Stainless Steel Association reports that the 7 companies account for 39.9% of Japan's stainless steel production, and this was used as the share of the investigated companies. All of the questionnaires were returned (100% response rate).
For investigating the electrodepositing tool production industry, in which nickel is used in the electrodeposition process of diamond production, we assumed the generation of nickel-containing sludge, and other wastes. We surveyed 90 facilities of 45 member companies belonging to the Industrial Diamond Association of Japan. The Industrial Diamond Association reports that these companies account for 65% of the production by association members, and this was used as the share of the investigated companies. The response rate was 30%. For reference purposes, 8 non-member companies (18 facilities) were surveyed and 16.7% of the questionnaires were returned.
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For the edible oils and fats industry, the disposal of used nickel-containing catalysts was assumed. In the edible oils and fats industry, nickel catalysts are used to hydrogenate unsaturated fatty acids in oils and fats when producing edible processed oils and fats from natural oils (such as soybean oil and rape seed oil). We surveyed 44 member companies (149 facilities) of the Japan Oilseeds Processors Association and the Japan Margarine, Shortening, and Lard Industries Association, and 29.5% of the questionnaires were returned.
Overall, we received responses from 119 facilities including 4 facilities in other production industries (automobile parts production, electronic parts production, semiconductor production). For generation of preconsumer materials containing low concentration of nickel, 35 facilities generated such pre-consumer materials, 71 facilities did not, 1 facility was unsure, and 11 facilities did not enter a response. For offsite processing of the pre-consumer materials, 54 items in total were obtained from the 35 facilities with confirmed the generation of pre-consumer materials. For 49 of the pre-consumer materials, information on their handling (waste management or sales) was also obtained. Of these items, 34 were handled by waste management and 15 items were sold. Fifty responses (waste management: 39, sales: 11) were received on the details of processing methods (incineration, landfill, neutralization, recycling, export, or other). With regard to the breakdown of processing methods, the number of responses did not match the number of pre-consumer materials because there were responses that did not disclose information and multiple responses for a single item.
Results
The results of the survey for pre-consumer materials containing low concentration of nickel showed that a total 46 000 tons of such products generated by the stainless steel production, electrodepositing tool production, and edible oils and fats industries, which were processed offsite, had a nickel content of 569 tons (Tab. 1). These results do not include data from the non-member companies of the Industrial Diamond Association and other industries. From the market shares and response rates for the questionnaires, it was estimated that the total nickel content of processed materials from these industries was 1466 tons (stainless steel production industry: 1355 tons; electrodepositing tool production industry: 42 tons; edible oils and fats industry: 69 tons). However, as market share data for the edible oils and fats industry was not obtained, only the questionnaire response rate was used. Figure 1 shows the frequency distribution of nickel content (C Ni , dry%) for the 49 processed pre-consumer materials for which responses were obtained on the breakdown of their handling. Overall, the majority of the preconsumer materials had a nickel content of less than 2 dry%, and most were handled by waste management. The nickel content was not analyzed for 4 of the 34 pre-consumer materials reported to be handled by waste management. Two pre-consumer materials with a nickel content of about 100 dry% were reported to have been handled by waste management. Each of these items was sludge generated by a wastewater treatment process for the electrodeposition tool industry; each was reportedly handled by a waste management process because it contained phosphorus in addition to a moisture content of greater than 70%. In contrast, of the 15 pre-consumer materials reportedly sold, waste liquid (0.1 dry%-Ni) generated by an aluminum surface treatment process and scale (1.7 dry%-Ni and 2.0 dry%-Ni) originating from a steel material rolling process were included. These are examples of the effect that other elements present or their values have on the sale of these materials. It should be noted that recovery of nickel might not have been the objective for some of the pre-consumer materials sold. Figure 2 shows the detailed breakdown of the handling of pre-consumer materials. For the 39 nickel-containing pre-consumer materials handled by waste management, 21 were managed by non-resource recovery processes (landfill: 8 items, neutralization: 7 items, incineration: 6 items). For these 21 items, the nickel content was known for 17 of the pre-consumer materials processed. Sold items included one for which the objective was neutralization processing. This item was presumably sold for use as a substitute for caustic soda in a neutralization process. In addition to the 9 pre-consumer products sold for recycling, 12 of the items handled by waste management were reportedly recycled. The results of our survey also showed that for Japan, waste management industry partly conducted the recovery of secondary resources from waste stream.
The results of the survey showed that the most frequently reported bottleneck to recycling end-of-life products was deviation from quality standards for nickel or phosphorus content (15 responses). Other issues included lack of information on recycling companies (6 responses) and excessive facility investment (4 responses). Of the responses citing cost, one cited the low cost of landfill disposal.
Discussion
This study revealed actual losses of nickel through the handing of nickel-containing pre-consumer material. This means that the loop has not been closed for nickel, even in Japan with its leading nickel-refining, ferronickel-refining, and steel industries. Below, we discuss the bottlenecks for achieving closed-loop cycling of nickel from the perspectives of quantity and quality of end-of-life products.
First, for the quantities of pre-consumer materials as secondary resource, we found that the offsite processing of pre-consumer materials per production facility obtained for each industry was 77 tons nickel per production facility for the stainless steel industry, 0.68 tons nickel per production facility for the electrodeposition tool industry, and 2.3 tons nickel per production facility for the edible oils and fats industry. This suggests that the amount of potentially secondary resources, that is the amount of pre-consumer materials processed offsite for each production facility, may be quite small. The issue of resource quantity was also shown in previous research to be a bottleneck [18] . To further close the loop for material circulation, measures such as concentrated processing of the pre-consumer materials to supply secondary resources from waste steam can be considered. Next, we discuss the grades of nickel-containing preconsumer materials and their deviation from the permissible grade of raw materials in the metallurgical industry. Below, we consider the bottlenecks to closing the loop for nickel cycle, including nickel plating waste liquids and sludge, whose potential to become loss were revealed in previous studies. Managing the quality of nickel content and impurities is difficult for these pre-consumer materials. In contrast, the processes for nickel refining and ferronickel production are optimized for economical and efficient extraction of desired elements from large amount of ores and processed materials under constant grade. Hence, managing the grade of secondary resources for use as recycled raw materials is required [17, 18] . For use as raw materials, in addition to nickel content, the levels of common impurities such as phosphorus must be managed [17] . Figure 3 shows the nickel content and phosphorus content for nickel ore (laterite ore) and nickelcontaining pre-consumer materials obtained from the literature [17, 19, 20] , interviews, and sample analyses. These data include samples that have been dewatered or upgraded nickel concentration at the generation source. Compared with the grades of nickel ore used as the main raw materials for ferronickel, plating sludge and used catalysts had nickel contents equivalent to or higher than those of ores. In contrast, plating sludge had much higher levels of phosphorus than did ores. According to refining companies, a nickel content to phosphorus content ratio (Ni/P) of 100 or greater (in a case; 800 or greater) has been set as the permissible phosphorus level in ferronickel refining, whereas grades such as a nickel content of 30% or greater and a phosphorus content of less than 0.5% have apparently been set in nickel refining. Although these standards vary with the market price of nickel, they show that there is a wide gulf between the grades demanded by refining industries and the grades of pre-consumer materials. If the average nickel content (10.9%) and average phosphorus content (1.19%) of the plating sludge shown in Figure 3 are taken as examples, processing to increase the Ni/P value 11-fold (88-fold) would be required to meet the ferronickel refining standard.
In closing, we discuss measures for ameliorating or relaxing the differences between the grades of pre-consumer materials and grade of raw material in metallurgical industry (Fig. 4) . In addition to quality management of pre-consumer materials by sources [18] , measures such as (a) upgrading the quality of pre-consumer materials by removing impurities, (b) adjusting the quality of preconsumer materials by mixing and diluting, and (c) relaxing the limits on impurities by refineries can be considered to close the loop for nickel cycle. Methods for removing impurities or increasing the concentration of target substances include the use of solvent extraction [21, 22] and ion exchange resins [23] , sulfur coagulation [24] , and dry melting furnaces [25] . In addition, phosphorus removal technology [26] for ferronickel refining would relax the limits on impurities. In recent years, a process control that does not require phosphorus removal has been achieved by using ores and coal for raw materials with low phosphorus levels. However, phosphorus removal technologies are thought to be effective in broadening the range of 604-page 5 secondary resources that can be used for raw materials. Although the technologies are far from inexpensive, some advanced companies have already adopted the technologies for closing the loop of nickel cycle e.g. [21] [22] [23] [24] [25] [26] . For these technologies to be widely adopted, the development of cost-effective technologies will be crucial. It will be necessary to design a system for closing the loop that includes consideration of appropriate pricing of industrial waste management.
